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A (LaVO3)6/(SrVO3)3 superlattice is studied with a combination of sub-A˚ resolved scanning
transmission electron microscopy and monochromated electron energy-loss spectroscopy. The V
oxidation state is mapped with atomic spatial resolution enabling to investigate electronic recon-
struction at the LaVO3/SrVO3 interfaces. Surprisingly, asymmetric charge distribution is found
at adjacent chemically symmetric interfaces. The local structure is proposed and simulated with
double channeling calculation which agrees qualitatively with our experiment. We demonstrate that
local strain asymmetry is the likely cause of the electronic asymmetry of the interfaces. The elec-
tronic reconstruction at the interfaces extends much further than the chemical composition, varying
from 0.5 to 1.2 nm. This distance corresponds to the length of charge transfer previously found
in the (LaVO3)m/(SrVO3)n metal/insulating and the (LaAlO3)m/(SrTiO3)n insulating/insulating
interfaces.
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INTRODUCTION
Transition metal oxides (TMO) derived from the per-
ovskite structure receive considerable attention because
of their fascinating transport and magnetic properties
that can be tuned by cationic substitution on the A
and/or B-site but also by the introduction of vacancies
on both cation and anion sublattice. When deposited
in the form of epitaxial thin films, these properties can
be further tailored by the effect of the substrate strain.
In case of artificial superlattices (SLs), the introduction
of oxide interfaces between different materials [1, 2] gave
rise to materials where electronic and/or magnetic prop-
erties are governed by exotic states present at these in-
terfaces. As an example, magnetism, conductivity and
superconductivity observed at the interface between in-
sulating non magnetic oxides LaAlO3 (LAO) and SrTiO3
(STO), are believed to be closely related to the interface
electronic structure and film thickness [1–7].
The physics behind these materials involves many com-
peting parameters that complicate the interpretation of
the observed behaviour often leading to controversy [8].
Understanding the properties of such heterostructures
needs advanced methods to probe chemical, structural
and electronic changes at the oxide interfaces [9, 10].
Scanning transmission electron microscopy (STEM) com-
bined with electron energy loss spectroscopy (EELS) is
one of these state-of-the-art techniques capable to inves-
tigate both atomic and electronic reconstruction at com-
plex oxide interfaces [1, 2, 4, 11–13].
Here we focus on one high quality
(LaVO3)m/(SrVO3)n SL presenting interfaces be-
tween the antiferromagnetic Mott-Hubbard insulator
LaVO3 (LVO) and the paramagnetic metal SrVO3
(SVO). In bulk materials, vanadium adopts a 3+
state in LVO, a 4+ state in SVO and, consequently, a
mixed 3+/4+ oxidation state in the La1−xSrxVO3 solid
solution, leading to critical behavior of a metal-insulator
transition depending on the doping level x [14, 15]. In
(LVO)m/(SVO)n SLs [16, 17], by varying the m and
n values, we can artificially create a large variety of
heterostructures yielding a mixed V3+/V4+ oxidation
state which, contrary to the bulk materials, is expected
to be localized at the interfaces between LVO and SVO
layers. Like the LAO/STO model system, the LVO/SVO
interfaces shall exhibit a “polar catastrophe” scenario [4]
requiring a charge transfer of half an electron per VO2
unit. The existence of vanadium in a mixed valence state
in adjacent VO2 sheets with the possibility of partially
localized electron holes at interfaces and how this affects
the transport and magnetic properties [16–19] remains
an important issue in such heterostructures. Carrier
localization effects at the interfaces have been partially
confirmed by optical spectrocopy [20] but could not,
at that time, be inferred from STEM and EELS due
to both atomic-scale disorders at the interfaces and
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2limited resolution of the STEM-EELS experiments [21].
In the present study, with the improved spatial and
energy resolution of modern STEM EELS instruments,
we have obtained simultaneously at atomic resolution
an elemental and, more importantly, a V oxidation
state map enabling us to evaluate charge transfer at the
LVO/SVO interfaces in a quantitative way.
EXPERIMENTS
A (LVO)6/(SVO)3 SL was prepared by pulsed-laser de-
position on (100)-SrTiO3 substrates as described in de-
tails in ref.[16]. High-angle annular dark-field (HAADF)
STEM and STEM-EELS experiments were performed on
the Qu-Ant-EM microscope at the University of Antwerp.
The microscope consists of a FEI Titan 80-300 “cubed”
microscope fitted with a double aberration-corrector for
both probe-forming and imaging lenses, a monochroma-
tor and a GIF Quantum energy filter[22]. The microscope
was operated at 120 kV acceleration voltage to avoid
knock-on damage[23, 24]. The convergence and collec-
tion angles for EELS acquisition are 18 and 120 mrad,
respectively. The inner and outer angle for the HAADF
detector were 70 and 160 mrad. A Fourier transform of
the acquired HAADF-STEM images indicates informa-
tion transfer down to 0.8 A˚. The Wien-filter monochro-
mator was excited and provides an energy resolution of
300 meV at the V−L2,3 core loss edge for the LVO and
SVO single thin films. To cover both the V−L2,3(513 eV)
and La−M4,5 edge (832 eV) in the same spectrum, a
0.25 eV/pixel dispersion was chosen for the superlattice
sample. This slightly reduces the energy resolution [22]
but the fingerprints remains clear. Low beam intensity
(∼20 pA), pixel sampling (0.70 A˚/pixel) and dwell time
(0.2 s/pixel) were chosen as a compromise between EELS
signal-to-noise ratio, beam damage and sample drift [25].
A HAADF image was acquired simultaneously with the
EELS experiment using software synchronized acquisi-
tion. This image confirms minimum sample drift and no
significant beam damage during the acquisition.
HAADF-STEM images were quantified by means of
statistical parameter estimation theory following the ap-
proach presented in [26]. The lattice displacement was
measured as the distance between neighbouring La/Sr
columns computed from the estimated atomic column
positions. The lattice spacings are compared to the sub-
strate and are expressed as relative strain values.
For the averaged elemental profile, no data pre-
treatment was applied except summing the spectra along
the interface direction. For the 2D valence maps, the raw
spectrum image was smoothed with a Gaussian low pass
filter (FWHM=0.12 nm) to improve the signal-to-noise
ratio. The data were then background subtracted by fit-
ting a commonly-used power-law model AE−r. A 100 eV
region before the V-L2,3 edge was used to fit the power
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FIG. 1. (a) HAADF-STEM image of the (LaVO3)6/(SrVO3)3
SL with the film structure sketched on the top. The inset
shows part of the diffraction pattern with satellite spots cor-
responding to the 9 perovskite unit cells superlattice struc-
ture. (b) Lattice displacement profile (black) shows the mean
displacements along the [001] direction expressed in terms of
deviation in percentage from the STO substrate. The error
bars show confidence intervals for the mean values obtained by
averaging along the [010] direction. Asymmetric strain is ob-
served between LVO/SVO and SVO/LVO interfaces. Dashed
lines serve as guide to the eye.
law parameters A and r for each pixel. The raw elemen-
tal maps of vanadium shows that the vanadium layers
grow continuously as expected. Sample thickness and
probe current variations are normalised by assuming a
constant V signal averaged over a unit cell.
RESULT AND DISCUSSION
Fig.1a shows a HAADF-STEM image of the
(LVO)6/(SVO)3 film with excellent spatial resolution.
The brighter/darker layers are corresponding to the
LVO/SVO layers respectively as expected from the Z-
contrast property of HAADF imaging [27]. The straight
interfaces and the sharp contrast between the layers il-
lustrates that the boundaries are atomically flat. Its
electron diffraction pattern (Fig.1a inset) exhibits main
reflection spots corresponding to the pseudocubic per-
ovskite subcell (a=3.90(4) A˚). Sharp satellite spots are
also observed along the [001]p growth direction, indi-
cating a good quality SL over the whole thickness of
the film (Fig.1a inset). The superlattice periodicity is
9 times larger than the perovskite subcell as expected for
a (LVO)6/(SVO)3 SL.
Since the lattice sizes of LVO and SVO are originally
different in bulk materials [16], the c lattice parameter of
LVO is expanded (1.5(1.0)%) whereas for SVO it is con-
tracted (-3(1)%) with respect to the c parameter in the
3STO substrate (Fig.1b black). The lattice displacement
variation along the growth direction shows an asymmet-
rical trend on average. The contraction is more abrupt at
interface 1 of SVO layer and more gradual at interface 2.
This can be understood since the strain acts over a long
range up to 50 nm [28]. The interface symmetry of the
SL is broken by the substrate on one side and vacuum on
the other side. This asymmetric lattice parameter vari-
ation indicates an asymmetric strain situation between
interfaces 1 and 2. The asymmetric strain will impact
the local electronic structure at the interfaces as we will
show next. [29, 30]. Also note that the strain varies at
different interfaces and occasionally the asymmetry may
switch as indicated by grey arrows in Fig.1b.
The straight interfaces and the sharp contrast be-
tween the layers illustrates that both the LVO/SVO
and SVO/LVO interfaces are atomically flat (Fig.1a).
In order to probe how vanadium changes its oxidation
state across the interface, the electron configuration of V
(V3+ (3d2) and V4+ (3d1)) is revealed from the fine struc-
tures of its L2,3 EELS core-loss edge [31–33]. Fig.2 (top)
shows spectra from a single layer LVO and SVO thin
film (∼100 nm), which were also prepared in the same
way as the SL. Their fine structure agrees well with the
bulk spectra from literature with slightly more details be-
cause of our better energy resolution (0.3 eV)[33]. This
confirms that the V in the grown layers has the same
chemical environment as the corresponding bulk materi-
als and oxygen deficiency effects could not be detected
within experimental capability. The higher peak onset
(≈0.5 eV) of the V L2,3 edge for the SVO film compared
to the LVO film indicates a higher oxidation in SVO as
expected [31, 33].
Spectra of SVO and LVO in the SL can be obtained
from the center of the SVO and LVO layers in the SL.
Here we derive the V4+ signal from the SVO part of the
SL by subtracting a scaled LVO signal so that the La
signal becomes zero. This should create that part of the
spectrum which is truly coming from SVO only without
spurious signal from the neighboring LVO layers. The
LVO part of the SL being twice thicker, contribution from
SVO to the spectrum recorded at the center of the LVO
layers is assumed to be negligible. Fig.2 (bottom) shows
the averaged spectra of LVO and SVO after subtracting
the intermixing with a slightly lower energy resolution of
approximately 0.5 eV. The fine structure of the V L2,3
edges of the LVO and SVO layers in the SL appear al-
most identical with that of our LVO and SVO thin film
references. Their O-K edges are also similar which im-
plies that any oxygen deficiency differences are also neg-
ligible in the SL. We use the reference spectra from the
single thin films as fingerprints for the V L2,3 edges in
either V3+ and V4+ oxidation state. The V L2,3 edge
at any position in the LVO/SVO SL is then fitted with
a linear combination of these reference spectra in order
to extract the contribution from the V3+ and V4+ states
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FIG. 2. LVO and SVO spectra from both the (LaVO3)
and (SrVO3) reference thin films and their signal in the SL
(LaVO3)6/(SrVO3)3. For SLs, a weighted LVO spectrum is
subtracted from the SVO spectrum to eliminate the delocal-
ized LVO signal in the SVO layer.
[1, 31, 33, 34].
Fig.3a shows a dark field image acquired simulta-
neously with the EELS spectrum image at each po-
sition containing the V−L2,3(513 eV), O−K(532 eV)
and La−M4,5(832 eV) excitation edges in one spectrum.
From low loss EELS we estimate the sample to be
10∼15 nm thick meaning that we have approximately
40 atoms in projection. Fig.3d and Fig.3e show the el-
emental maps of La and V after data treatment. The
combined elemental color map (Fig.3f) shows the atomic
SL structure with the interfacial V layer at interface 1
and 2 indicated. The profiles of V and La were averaged
along the interfaces and shown in Fig.3b. Since both La
and Sr occupy the same atomic sites, their information
can be considered complementary and a chemical diffu-
sion map indicating La/Sr intermixing can be estimated
from the normalised La intensity (Fig.3b). In the La pro-
file, the valley at the atomic layers 1 and 2 has the same
depth and the peak height of the neighboring (left of 1,
right of 2) LaO layers are almost equal. Qualitatively, the
interfaces can be considered as atomically sharp despite
some apparent La diffusion in SVO. Importantly, the in-
terfaces 1 and 2 are chemically symmetric with a similar
level of La/Sr intermixing. Quantitatively, the La signal
intensity drops to its minimum within an atomic layer at
both interfaces but is still present inside the SVO layer
with an intensity of 25% . To what extend this value rep-
resents the real La/Sr intermixing level will be discussed
later on.
Fig.3g and Fig.3h show the spectral weight map of the
V3+ and V4+ signal using multiple linear least-squares
fitting with the reference fingerprints (Fig.2) [25]. From
a qualitative point of view, the inspection of spectra
recorded across the interface indicates that the V3+ sig-
nal is mainly located in the LVO layers and the V4+
signal is in the SVO layer as expected. The V oxidation
state across the film (Fig.3b, gray) evolves from a mini-
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FIG. 3. (a) dark field image acquired simultaneously with
its EELS spectral data from this region. (b)profiles of La
signal (green), V signal (red) and V oxidation state (gray)
averaged along the interface direction. (c) profiles of V3+
and V4+ signal showing the asymmetry at interface 1 and
2. (d)(e) elemental color map of V and La, respectively, and
their combined color map in (f). (g)(h) spectral weight maps
of V3+ and V4+ signals, respectively. (i) combined color map
with V4+ (red), V3+ (blue) and La (green).
mal value of ∼3.1 in LVO to a maximum of ∼3.6 in SVO.
The oxidation state averaged over a whole unit cell of the
superlattice is +3.35(5) and corresponds to the expected
value +3.33. The average values of +3.56(5) in the SVO
layer and +3.24(5) in the LVO layer are quantitatively
off the expected values of +4 and +3. This can be partly
attributed to multiple elastic scattering or inelastic delo-
calization inherent to STEM-EELS experiments [35].
Both the VO2 interfacial layers at interface 1 and 2
have a neutral SrO layer on one side and a positively
charged LaO+ layer on the other side (Fig.3de). How-
ever, the V3+ and V4+ signal maps show that the V oxi-
dation state at interfaces 1 and 2 are different (Fig.3gh).
Comparing this to the La elemental map, which precisely
indicates the interfaces between the LVO and SVO lay-
ers, the V4+ signal is shifted as a whole by half a unit
cell against the growth direction (Fig.3h). The signifi-
cant difference in oxidation state at both interfaces can
be clearly observed in the V4+ profile averaged along the
interface direction (Fig.3c). The V4+ profile peaking at
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FIG. 4. (color online) Sketch of the simplified interface struc-
ture for three different situations (a) asymmetric case with 4+
(red octahedrons) and 3+ (blue octahedrons) and (b) with 3+
and 4+ at interface 1 and 2, respectively. (c) symmetric case
with V 3.5+ on both interfaces (purple octahedrons).
interface 1 is approximately twice the intensity of that
at interface 2 (Fig.3c). Quantitatively, the V valences
of 3.53(4) and 3.38(4) measured at the interface 1 and 2
confirms this asymmetry with the difference being well
above the error bars. Simplifying this observation to a
model, we can assume interface 1 to contain V4+ similar
to the SVO layers and interface 2 to have a V3+ state
similar to the LVO layers (Fig.4a).
Considering the crystal structure shown in Fig.4a,
STEMsim software was applied in order to do a dou-
ble channeling inelastic simulation (Fig.5)[36]. The com-
bined simulated elemental map and profile is qualita-
tively comparable with our experimental result (Fig.3).
After taking into account the elastic scattering, inelastic
delocalization and source size broadening in the simu-
lation, the La intensity drops to approximately 10% in
the SVO layer compared to 100% in the LVO layer. In
the experimental case the signal drops to approximately
25%. The extra 15% La signal in our experiment could
therefore represent a rough estimate of the true La in-
termixing in the SVO layer. The V4+ and V3+ signal
profiles agree well with the experiment with notably the
V4+ intensity profile largely symmetrical and consisting
of three equally intense layers of V4+. This illustrates
the general validity of the proposed interface structure
50 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 3 . 0 3 . 50 . 0
0 . 5
1 . 0 4 . 0
3 . 5
3 . 0
0 . 0
0 . 5
1 . 0
V  v a l e n c e
L aV
L a V O 3S r V O 3L a V O 3
c
 
1
a
b
 
Inte
nsit
y (a
.u.) V
3 +V 4 +
2
 
D i s t a n c e  ( n m )
[ 0 0 1 ] p
Inte
nsit
y (a
.u)
 
FIG. 5. (a) combined color map from the simulated maps of
V4+(red), V3+ (blue) and La (green), corresponding to the
structure shown in Fig.4a. (b) intensity profile of V and La
signal which can be compared to Fig.3d. The simulated V
valence profile is shown in grey line. (c) intensity profiles of
the V3+ and V4+ signal. The interface 1 is in 4+ state while
the interface 2 is in 3+ state.
(Fig.4a). Nevertheless, the tail of V4+ and V3+ signal
profiles at the interfaces extend further in the experi-
ment than in the simulation. The simulation also re-
veals a more abrupt variation in the V oxidation state
(Fig.5b and Fig.3b). In Fig.5b, the V oxidation changes
from a minimal plateau at +3.07(1) in the LVO part to
a maximal plateau at +3.85(3) in the SVO part. Ex-
perimentally, the V valence variation at the interface is
much smoother as if some 4+ charge from the SVO layer
“leaks” into the LVO layer (Fig.3b).
Such charge “leakage” at heterointerfaces was origi-
nally reported to be symmetric both in experimental re-
sults [1, 34] and in theoretical calculations [37] (Fig.4c).
However, at a relatively large scale (10 nm), Nakagawa
et al. discovered that a 5 nm Ti3+ layer is present at
an AlO2/LaO/TiO2 interface, while a similar layer is
absent or much weaker at an AlO2/SrO/TiO2 interface
[4]. They also reported that the former interface has a
roughness of 3 nm, twice as rough as the latter. Here
we also observed similar asymmetry at an atomic sharp
interfaces. A difference can be observed in the V oxi-
dation state after applying our method to other regions
with symmetric La chemical diffusion interfaces 1 and
2. Occasionally, situations as in Fig.4b and Fig.4c are
observed.
The local strain asymmetry observed in Fig.1 is indeed
the most likely candidate as a direct relation between
bond length and valency exists [38]. This strain mediated
valence asymmetry is likely caused during the growth
process with strain buildup that can not completely relax
[28]
Besides the unexpected asymmetric behavior of the V
oxidation state at the two interfaces, the V oxidation
state was found to be more delocalised than the La signal,
indicating an electronic reconstruction with charge trans-
fer up to 1.2 nm (Fig.3bc). This charge transfer distance
is close to and may explain the proposed coherence length
of the charge carrier in the (LVO)m/(SVO)n system,
which is approximately between 1.3 nm to 2.2 nm[17].
This result is also equivalent to findings at interfaces be-
tween two insulating materials with a length scale for
charge transfer typically about 1.2 nm [9, 11, 37].
CONCLUSION
Using high spatial and energy resolution STEM-
EELS, we quantitatively map the oxidation state of
transition metal and the electronic reconstruction at
metal/insulating interfaces. An electronic reconstruction
was found up to 1.2 nm, likely related to the length of
charge transfer in this system. Asymmetric electronic
states are found at chemically symmetric interfaces and
point to an issue unaddressed so far. This could be closely
related to the asymmetric strain we observed at the inter-
faces. Importantly, this work provides evidence that the
picture of interfacial polar discontinuities inducing elec-
tronic reconstruction should exist in many other systems
than LAO/STO, including metal/insulating interfaces.
To what extent the “unexpected” properties discovered
at TMO interfaces can be attributed to the existence of a
so-called “2D electron gas” is still the subject of debate.
Such experiments are crucial and demonstrate the ability
of aberration-corrected monochromated STEM-EELS to
give a detailed insight in the atomic and electronic re-
constructions at oxide interfaces.
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